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HANDLING QUALITIES OF LEM SPACECRAFT
USING AN CN-OFF THRUSTER LOGIC ATTITUDE CONTROL SYSTEM

SUMMARY

A piloted analog simulation of the final phase of lunar landing has
been conducted by the Systems Analysis Branch, Guidance and Control Divi-
sion. The purpose of this study was to determine the handling qualities
of the LEM spacecraft having an on-off thruster logic attitude control
system. Handling qualities of the vehicle were determined for the rate

command and rate commend-attitude hold modes of operation.

The study revealed that the present LEM control system provides
satisfactory pilot handling qualities when operated in the rate command.
mode and unsatisfactory handling qualities when operated in the rate
command-attitude hold mode. Two methods of improving handling qualities
in the rate command-attitude hold mode are: 1)‘incréasing the ratio of
rate to attitude feedback and 2) increasing the deadband limits. However,
bath of these methods affect other system characteristics and it is '
suggested that the impact of these changes be determined.

INTRODUCTION

The handling quallties of the LEM spacecraft during the final approach .
to lunar landing have been investigated by in~house studies (ref. 1) and
contracted studies (ref. 2). These studies, for the most part, have assumed
the LEM employed linear proporitional attitude'control systems, although
reference 1 did assume an upper limit to control power and thus; for large
commanded rates and attitudes, the control systems exhibited sdme non-linear
characteristics. Reference 1 does point out that linear systems will not
in fact be used and attempts to correct the final results by use of an
"equivalent time constant". However, the study results of reference 3
indicates the acceptance boundaries of reference 1 may be quite conserva=
tive for on-off thruster logit (equivalent to PRM5logic for ménual control).

The reason for this, as noted in reference 3, is that for on-off thruster

. logic full control power is applied to correcting the sttitude anytime the

error signal is larger than the deadband. In a linear proportional system

the control power épplied to correcting an error is proportional to ﬁhe
error. The on-off thruster logic, then, corrects the error much more



2

rapidly (approximetely twice as fast) than the proportional system. Because
of this rapid attainment of attitude change to commanded attitude, the

. pilot rating of the two systems having equal control power is lower (better)
for the on-off logic than for the proportional system.

Unfortunately, the study of reference 3 was limited in scope and as a
consequence only a portion of the required data of on~off logic handling A
qualities was determined. The data that have been determined needed to be
expanded to cleaply define the satsifactory region of this type of control
system. The repﬁlta of reference 3, however, are useful in that some of
the parameters that must be varied khave been fairly well defined,

To provide fhe necessary data, the Systems Analysis Branch, Guidance
and Control Divisiod, has conducted a piloted simulation of the final phase
of lunar landing to define the handling qualities for this maneuver of
attitude contral é&stems employing on-off thruster logic, The attitude
control systems modes investigated included rate commaend and rate command-
attitude hold. The parameters examined were maximum rate command, control
power, deadband, apd ratio of rate to attitude feedback. Evaluation of
these systems was made by experienced pilots using the Copper Rating Hcale,

DESCRIPTION OF SIMULATION

The simulation of the final phase of the lunar landlng maneuver was .
accomplished by eoupling an analog solution of the equations-of-motion to
a fixed hase IEM eockplt containing the pilot contrbls and £light instru-
ment displays, The equations-of-motion (Appendix A) did not contain any
orhitel terms (flat "moon" assumption)since the velocities enconntered
" during the landing maneuver are small. Mass of the LEM vehicle was
assumed to be kﬁﬂ;ﬁlugs (approximately correct for present LEM dgrihg
hover) and wéa held gponstant throughout a given run. The main englne
of the LEM was agsumed to have a continuous thrust variation from 1;050
ta 10,500 pounds, & flow diagram of the complete simulation is glven in
figure 1. i

Flight Instrument Displays

The instrument displays used in the simulation are shown in figure 2.
In addition to these instruments, a 17-inch oscilloscope was used to depict -
downrange and crossrange distance of the ILEM from the landing site. Move-
ment of the dot eorresponded to a PPI radar display. Information prgsented

to the pilot on the other instrument was: /
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"1 - Displayed attitude of the LEM wityu respact Lo the lunar surfacz

Altitude and Altitude Rate -~ Presented on two separate meters having
selectable scales

Bedy Velcocities - Rody rates y and z were on two sepesrate meters
naving selectable gcales

Body Angular Rates - Pitch rate was presented on the vertical left
hand and yaw rate on the horizontal needles mounted on the ¥DAZI. Roll
rate was on the meter located directly above the FDAI. Maximum rates
were 15 degrees/second,

Thrust-to-weight-meter - Indicated ratio of main engine thrust to weight
of the LEM
The selectable 3scales for the various instruments can be determined from
figure 2.

Controllers

A Gemini type controller was used to make attitude changes o the
vehicle. The main engine throttle control had essentially the same
moverents ac the integrated throttle prorosca for the LEM vehicle. How-
ever, the transiational controiler (T-handle) was not used in this simu-
lation. The altitude and main engine thrattle contrcllers are shown in
Je and 3b, respectively.

Contrecl System

The control system used in this system was capable of operating in
either 2 rate command or rate command-attitude hold mode as indicatea in
figure 4. Variables of the control system included maximum rate command
(Kﬁ) deadband, control power (M/I), snd ratio of rate tc attitude feed-

ok (h . Hysteresis of the control system was assumed to be 10% of

1.

the deaq and. PFigure 4 is a block diagram of the pitch axis; the roll
and yaw axes systems, except for commanced and cornfrolled guantities,
were identical to the pitch axis system.
TEST PROGRAM
The *“est program was flown by four pilots having military tlight

tackground and two research engincers having private piloting experience,

The primary task given to the pllots consisted of flying the LEM vehicle

from a hover conditicn at 200 Tezt of aititucs t¢ a landing site 1,000 feet
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5 :E'eet/second. Secondary tasks were used to cross check pilot opinions
of the various control systems. One cross check task was to have the
pilot maintain a hover condition for a specified length of time, the
second task was to have the pilot fly in from a downrange of 3000 feet
and & cyossyange of 500 feet.

" Test Matrix

The test matrix was divided into two sections to investigate the
two types of control systems. The pilots evaluated the entire rate
command (RC) mode and then the rate command-attitude hold (RCAH) mode.
A random selection of the various con'brol system parameters was made to
prevent the pilots from being able to anticipate the following control
system characteriptice. The parameters varied for the rate command
systenm werei

1. Contrql Power

2. Max1mum rate command

3." Deadband
Parameters varied foy the rate command-attitude hold system were:

1. ' Contro} FPewer

2, Ratio of yate to attitude feedback

3. Deadbepd =
The test matrix ponfqined a total of 280 separate runs, approaximately
200 for the RO mede Qnd about 80 for the RCAH mode. |

~ Control System Evaluation

Pilot evaluatiop of the two control modes was by means of the Coaper
Rating System whioh 18 shown in table'l. Pilot performance during each
run was reoo:pdaq Ty ﬁime histories of vehicle and control system variables
and sn X-Y plot af arogsrange vs downrange. End conditions of altitude
. rate, attitydes and attitude rates, translational velocitles, and position
error were recorded by the analog computer operator after each yun.

DISCUSSION OF TEST RESULTS

The results as discussed in the following sections arye based on the
280 runs made by six pilots. “In general, the test subjects tended to
agree with one another except at the higher control pdwer levels. For
control powers of greater than 50 ‘deg/seca, the engineer test subjects
rated the control systems higher (worse) than did the military-rated
pilots. The only reason for this was apparently that the engineey te}st

/



subjects did not care for violent eight-ball motions. 3By derating the
control systems. fopr this, the non-military pilots violated the ground
rules since they were evaluating something that was not being investi~
gated. However, the .pc\artion of the results so affected was relatively
small and the averall results obtained should be accurate. ,
Rate Command Mode
Pilot ratings of all the rate command systems defined three distinct
satisfactoxry régione corresponding to. . the three different deadbands used.
These regiong are shown in figure 5. The largest satisfactory region
corresponds to the smallest deadband. As the deadband increased,
the satisfactopy region became progressively smaller. The upper part of
the satisfactéw boundary shown for a 0.1 deg/sec deadband was not
actually determined as shown because the highest maximum rate command
used was 100 deg/pec, If a higher maximum rate had been used for that
deadband, the uppey houndax:?r might possibly have been higher, and in
fact, might not avan be closed as shown. The satlsfactozy reglong for the
other deadbands o,:pag however, closed as shown. ; A U
A high oontrel power could not be used efflclently with the larger
deadbands because the sensitivity was too high for nulling the drift: rate,
This type of syatem'always caused the pilot to overcontrol the high dyift
rate, When the 0,1 deg/sec deadband was used, howevey, small jmpulses: ‘
were not yequirped w constantly control the drift rate and & higher control
power was desiyed.
Although the waximum rate command was varied up to 100 deg/ses, none

of the pilots paed wuch more than about 40 deg/sec at any time. In Pact,

it appeayed that 8 imaximum rate of 30 deg/sec was adequate for any of the
contyol tasks given to the pilot in this simulation. Moreover, in cases
whepe the contpe], power was set at a low value (such as § deg/seca),- &

»ma,xj.mmn rate of 30 deg/sec wag higher than desired. With very low control.

power and a relatively high maximum rate, the pilot usually built up
g rate too high fopr the control power available. This would result in
overshooting the attitude desired. It is shown in figure 5 that a gontrol

2

power below 5 deg/‘sec was always unsatisfactory no matter how the other

parameters were varied. Also shown is the fact that cohtrol powers under



6

10 deg/sec2 weye alwaysﬁnsatisﬁmidnywhen a deadband of 1 deg/sec was used. &—

For comparison, the satisfactory regions for 0.25 and 1 deg/sec dead-~-

_ bands obtained from reference 3 are shown in figure 5. It appears that some
discrepancy exlgts between the results of this study and that of reference
3. However, it is believed that the stuay made in reference 3 was not
thorough .enough teo obtain a true outline of the satisfactory regions.

Rate Command-Attitude Hold Mode

The resultg of the tests on rate command-attitude hold mode of operaw~
tion have been divided into two deadbands ~ O.1 degree and 1.0 degrees.
Tests were alsa conducted for a 0.2 degree and a 0.5 degree deadband, but
the results indicated there was no difference between the 0.1 and 0.2
degree deadband apnd 0.5 and 1.0 degree deadband. The satisfactory bound-
aries of pilot patings obtained for this attitude mode are shown in figure
ba. and 6b. Figure fa shows the satisfactory region ag determined for a
deadband of O,] degree. As indicated in this figure, values of rate feed=
back below l'required higher vélues of control power o make the system
satisfactory, The yeason for this is that low values of pate feedback
caused the system tﬁ be quite oscillatory whereas high econtrol powers
tended to damp put the oscillations faster than low control powers, At
values of rate teadhéck above 1.5, the pilots commented that the syastem

was too slugglsh, the result of the system being overdamped. Thus, a
higher contyol ppwep is desired when the rate feedback is high to make
the system less plugeish., The 3.5 pilot rating boundary is open at the

'tqp because the pontyol power was varied only up to 100 deg/saca.

| Figuye 6b shows the 3.5 pilot rating poundary for a 1.0 degree deadband.
This poundary hes the same general shape as the one far the 0Q,] degree deadw
band., The main difference is that the lower left coyner of the poundary
Tor the 1.0 degyee deadband goes to a lower value of rate feedback before I
it heginsg to cuyve ypward., The reason for this is not clear. An examina=
tiop pf system pesponse shows no essential difference for the O.l and 1.0
degree deadbandg having equal control powers. The nominal frequency of
the 1.0 degree is ahout 10% less and the nominal damping not more than 10%
greater than a gystem having'an 0.1 degree deadband. A pllot, in general,

"cannot discriminate between systems having characteristics this cloge
together. A mope thorough investigation of this phenomenon is necegsary.

/
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Impact of Study Results on LEM Spacecraft

The present LEM vehicle has a maximum rate command of Eoo/second,
a two jet control power of about 5.5 deg/sec2, and selectable deadbands
of 0.1 and 5,0 degrees. According to figure 5, the handling qualities
of this system with & 0.1 degree deadband are barely acceptable. A four
jet control syatem; which has a control power of 11 deg/seca, provides
good handling qualities, but at the expense of increased attitude fuel
consumption. Either two of four jet operation, then, provides the pilot
w1thasatlsfactory eontrol system. . )

Thig howeveyr, is not true for the rate command-attitude hold mode
of operation, The present LEM spacecraft has a ratio of rate to attitude
feedback of‘1.2;during descent. From figure 6a, a control power of 5.5
deg/se02 and a patio of rate to attitude feedback of 1,21is outside the
satisfacto:y region, Doubling the control power to 11 deg/sec2 moves the
operating point ﬁlﬁhin ‘to the satisfactory boundary, meking the handlimg
qualities jiist patisfactory. To obtain a satisfactory system with 5
deg/sec pequirgg.;a ~ rate gain of at least 1.5 using g 0.1 degree dead~
band, Flgure Sb, op the other hand, shows that increasing the deadband
to 1,0 degree would providea satisfactory system with a rate gain of 1,2
and a control power of 5.5 deg/secz; doubling the control power places
the control sygtem aperating point well within the satisfactoﬁy region,

From this disopesion, it is apparent that the rate commapd-attitude
hold mode of eaptrol system operation should not be used unless the ratia

of rate to attitud@ feedback or the deadband llmits are 1ncreased. However,

doing elther ona of these may not be practical since increasing the ratio
of rate to attitude feedback affects other system characteristlics while
increasing the deadband probably compromises abort guidance performance,
The effect of these changes on.system characteristies should be determined,

CONCLUDING REMARKI3
The results of this simulation verified the hypothesis that on-off
thruster logic control systems produce bettar handling gqualities with
low control powers than do quasi-linear proportional contyrol systems.
M relatively high control powers, however, the handling qualities of
these two systems in the rate command mode are about equivalent proiiding

small deadbands are used in the on-off logic., For larger deadbands and

!
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large control powers, the hendling qualities of the on=off system in a
rate command mode deteriorate and the satisfactory region of operation
is less than the proportional system.

Operation in a yate command-attitude hold mode indicated that the
on-off logic algo provided better handling qualities at low control
powers than doeg the proportional control system. However, for the dead=
bands investigated in this study, no deterioration of handling gqualities
was noted as the deadband became larger. In fact, in some regions (that
of medium ratiog of yate to attitude feedback and low control powers) a
large deadband gave hetter handling qualities than did the low deadbands.
This phenomens iﬂ wopthy of further investigation, particylarly in view
'of the present L@ gontrol powers. ‘

The study also jndicated the present LEM attitude coptrol system
providessaﬁESfacbiw'bandling qualities in the rate command mode whereas
in the rate command~attitude hold mode it exhibits unsstisfactaypilot
handling qualitiea, The study yesults revealed that patisfactary hand-
ling qualities gopld be obtained by 1) increasing the ratio of rate to
attitude feedbapk oy 2) increasing the deadband limits to at Jeast 1.0
degree, HOWeve$, elthey of these two methods of improving handling
gualities affeqté othey system characteristics. The exact jmpact of
these modifications pn other system characteristics should be)determined
by analytical studies, If these gtudies indicate that these modifications
cannot be tolepsied, consideratlion should be given to deleting the rate
' command~attitude hold mode of econtrol system operatiop in the LEM vehicle,
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IDTROPINE RISLRD RATIND LESCRIPTION ACCOPLISHED?

1 EXCELLERT, INCLUDES CPTIMUM YES
7Y [—— 2 GOOD, PLEASANT TO FIY YES
%?g%- 3  SATISPACTORY, BUT WITH SCME
Z o MILDLY UB;PLEASAM* CHARACTERISTICS IES

L T 4 ACCEPTABLE, BUT WITH UNBLEASANT T
| CHARACTERISTICS YES
5 5 UNACCEPTABLE FOR RCRMAL

2| EsATTSPACTORY CPERATION DOUBTFUL

8 = | ’ 6 ACCEPTABLE WR EMERGENCY .
§ CONDITION ORLY# DOUBTFUL

| 7 UBACCEPTABLE EVEN FOR EMERGENCY )
| URACCITARLE CONDITION® X0
) B URACCEPTASLE - DANGEROUS O
g 9 URACCEPTABLE - URCONTROLLABLE KO
g ' 10 HMOTIONS POSSTELY VIOLEWT ENOUOK

CATASTROPNIC TO PREVENT PILOT ESCAPE
| #(FATLURE OF A STABILITY AUGHMENTER)

Pllot opinion Faiing svstem,
Table 1
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